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Abstract 


Ns^>tl 


The  stress  tensors  were  measured  with  x-ray  diffraction  in  both  the 
ferrite  and  cementite  phases  of  a  1080  steel  specimen  deformed  in  uniaxial 
tension .  The  macro-  and  micro-stresses  were  separated  for  all  the 
components  of  the  stress  tensors .  All  the  components  except  the 
hydrostatic  components  of  the  micro-stresses  could  be  determined  without 
an  accurate  value  of  the  unstressed  lattice  parameter .  Tensile  stresses  were 
found  in  the  cementite  and  compressive  stresses  in  the  ferrite  along  the 
deformation  direction .  The  tensile  stresses  in  the  cementite  were  quite 
large .  (  U))^. 


INTRODUCTION 

Stresses  have  long  been  measured  in  the  matrix  phase  of  steels  with 
diffraction .  Steels ,  however ,  are  generally  two-phase  materials  containing 
carbides  to  enhance  the  properties  of  the  material .  Because  the  diffraction 
peaks  from  the  carbide  phase  are  so  weak ,  the  stresses  in  this  phase  and  the 
stress  system  set  up  by  its  presence  have  not  often  been  examined1,2 . 
Recently ,  theories  have  been  developed  and  used  to  investigate  the  stress 
system  set  up  in  a  two-phase  material3,4  .  The  sensitivity  of  triaxial  stress 
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measurements  to  errors  in  d0,  the  unstressed  lattice  parameter,  has  been  a 
drawback  to  their  Use5 .  In  this  work  diffraction  measurements  of  the 
stresses  in  both  the  cementite  and  ferrite  phases  of  a  1080  steel  will  be 
described ,  as  well  as  an  analysis  method  that  eliminates  the  sensitivity  to 

d0- 


THEORY 

Macro-  and  Micro-stresses  in  a  Two-Phase  Material 

In  an  inhomogeneous  material ,  the  stresses  from  point  to  point  will  be 
different  from  those  predicted  by  assuming  the  material  to  be 
homogeneous .  Almost  all  engineering  materials  are  inhomogeneous  on  a 
small  scale  and  hence  will  have  stresses  different  than  those  calculated  from 
a  simple  theory .  In  a  two-phase  material  the  stresses  will  not  distribute 
themselves  uniformly  between  the  two  phases .  This  gives  rise  to  macro- 
and  micro-stresses  within  the  material . 

Macro-stresses  vary  slowly  compared  to  a  part’s  dimensions  in  at  least 
one  direction ,  and  are  by  definition  the  same  in  both  phases  of  a  two-phase 
material.  These  stresses  may  originate,  for  instance,  due  to  surface  layers 
of  a  piece  elongating  more  than  the  interior,  for  example  during  peening. 
Micro-stresses  are  the  difference  between  the  total  stress  at  a  point  and  the 
macro-stress  value .  Micro-stresses  arise  from  microstructural  properties 
that  cause  the  stresses  to  deviate  from  the  macro-stress  value  from  point  to 
point  such  as  the  yielding  of  one  phase  preferrentially  to  the  other .  or 
differences  in  the  elastic  response  of  two  phases  mutually  constraining  each 
other .  The  total  stress  at  any  point  is  the  sum  of  these  components6 .  For 
example: 
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The  superscripts  t ,  M ,  and  n  refer  to  the  total ,  macro- ,  and  micro-stresses 
respectively.  The  total  stress  in  a  phase  is  the  quantity  determined  from  a 
diffraction  measurement  on  a  crystalline  material ,  but  on  occasion  it  may 
be  important  to  separate  this  into  its  macro-  and  micro-stress  components . 
This  separation  is  now  discussed . 


Equilibrium  Conditions 


Stresses  in  a  material  must  obey  several  equations  of  equilibrium . 

Both  the  macro-stress  and  micro-stress  at  any  point  must  obey  the 
differential  equation  of  equilibrium2 

iM_  jM. 

d  an  +  d  ai2  +  9  ^13  _ 
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The  macro-  and  micro-stresses  m<j13,  Ma23,  and  Ma33  must  be  zero  at  a  free 
surface  to  satisfy  the  boundary  conditions.  If  we  can  assume  that  the  macro¬ 
stresses  Man  and  M<712  do  not  vary  in  the  surface  Equation  2  requires  that 
the  macro-stress  Mo13  cannot  vary  with  depth .  Since  it  must  be  zero  at  the 
surface  m<j13  is  everywhere  zero.  The  same  hold  true  for  Mo23  and  Ma33 . 

The  micro-stresses  Mo“3,  Acrf3,  and  Maf3  are  not  required  to  follow  this 
condition  for  equilibrium  because  the  gradients  in  the  surface  are  not 
required  to  be  zero.  From  the  requirement  that  the  average  stress  over  the 
whole  body  must  be  zero, 


fn'o^dE)  *  0  ,  (3) 

it  can  be  shown  that  the  average  micro-stresses  in  a  two-phase  material  must 
obey  the  relation3 

(l-f><V*  >  ♦  fc'ag*  •  0  ,  ,4, 

where  f  is  the  volume  fraction  of  the  0  phase.  Since  a  diffraction 
measurement  samples  a  volume  of  material  the  stresses  measured  will  be  an 
average  over  that  volume.  Using  Equation  1  for  the  stresses  in  each  phase, 
and  Equation  4,  we  have  three  equations  in  three  unknowns,  and  hence  we 
may  separate  the  macro-  and  average  micro-stresses . 


Determination  of  Stresses  with  Diffraction 

To  measure  stresses  with  diffraction  we  establish  two  coordinate 
systems  as  shown  in  Figure  1 .  The  d-spacing  is  measured  with  diffraction 
in  the  L-coordinate  system  along  the  L3  direction  .  The  stresses  in  the  S- 
coordinate  system  are  then  to  be  determined  with  these  measurements .  The 
strain  along  the  L?  axis  in  terms  of  the  sample  stresses  is7 
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<*<7j<1>  S?/2  cos2$sin2^  ♦  <ta?2>SS/2  sin2#  sinV 

♦  <t(J33>S^/2  COS2!/'  <  <‘a“>  ♦  <‘ff22>  ♦  <tff33>  ^ 

+  <ta<jl2>^/2  sin2#  sinV  ♦  <la“3>  Sh/2  cos#  sin2^ 

♦  <l<y 23>Sh/2  sin#  sin2^ 


(5) 


By  measuring  at  a  sufficient  number  of  #,  and  ^  values  and  knowing  dQ . 
the  stresses  in  the  sample  coordinate  system  may  be  obtained  by  a  least 
squares  solution  of  this  equation8 .  However ,  an  accurate  value  of  dQ  must 
be  available  to  determine  the  stresses  accurately .  This  problem  can  be 
ameliorated  by  substituting 
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where  th  is  the  hydrostatic  stress  and  r, )  is  the  deviatoric  stress  tensor . 


Fig.  1.  Definitions  of  the  coordinate  systems  used  to  determine  stresses 
with  diffraction . 


Making  use  of  the  relation 


( ‘r“  *  *75  *  ‘rfj  )  -  0  ,  (7) 

which  applies  to  both  the  stress  at  a  point  and  averaged  stresses,  and  solving 
for  <d^>  gives  the  equation 

<dj  >  -  <V$d“  ISf/2  ♦  3Sf]  -  ( <*r“  >  ♦  <‘rf2> )  d0Sf/2  ♦  d0 

♦  <V“>d0S^/2  (1  ♦  cos2$sin2i£ 

♦  <V?2>d0S^/2  ( 1  ♦  sin2<£)sinV 

♦  <V“2>d0S^/2  sin20  sin2tf 

♦  <V“3>d0Sft/2  cos <t>  sin2tf 

♦  <V23>d0S^/2  sin0  sin2^  ^ 

Written  in  this  way  we  see  that  the  d-spacing  has  five  terms  with  different 
angular  dependencies  and  three  terms  that  are  angularly  independent . 

From  a  collection  of  <dcW>  the  six  deviatoric  components  of  the  total  stress 
tensor  may  be  determined  by  least  squares  using  Equation  8  and  then  using 
Equation  7 .  By  using  Equations  7  and  8  instead  of  Equation  5 .  we 
eliminate  the  need  for  an  accurate  d0  in  the  analysis ,  but  still  need 
information  about  the  hydrostatic  stresses. 

Only  the  sum  of  the  three  constant  terms  may  be  determined  by  least 
squares,  and  an  accurate  value  of  d0  appears  necessary  to  determine  the 
hydrostatic  component  of  the  stress .  If  we  take  values  that  might  be  typical 
for  the  ferrite  phase  in  a  steel: 

S2/2  *  5 . 77  x  10*6  MPa'1 

S,  - -1.25  x  10*6  MPa’1 

d0  .  1.1703  A 
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and  an  error  in  d0  of  0.0001  A.  we  see  that  an  error  in  the  hydrostatic 
stress  of  42  MPa  is  needed  to  keep  the  sum  of  the  three  terms  on  the  left 
hand  side  of  Equation  8  a  constant .  (This  corresponds  to  an  error  in  of 
0.03°  20  at  156°  26  in  determining  d0.) 

By  using  least-squares  fitting  and  Equations  7  and  8  we  may  determine 
the  total  deviatoric  stress  tensor  *7-“  in  a  phase  from  a  collection  of  d  vs.  <t> 
and  'P  for  that  phase .  Using  Equations  1  and  4  we  may  separate  the  total 
stress  tensors  into  the  macro-  and  average  micro-stress  tensors  for  each 
component  of  the  stress  tensors .  Then ,  if  an  accurate  value  of  d0  is  not 
available  for  each  phase,  the  hydrostatic  component  of  the  macro-stress 
tensor  may  still  be  determined.  We  know  from  the  equilibrium  relation? 
that  Ma3 3  must  be  zero.  We  may  thus  write 

M_  M_  M  n 

a33  a  TH  *  r33  *  0  •  (9) 

The  hydrostatic  macro-stress  is  then 

M_  M„ 

TH  *  ~  r33  •  (10> 

Thus,  without  accurate  values  of  dQ,  we  may  determine  all  the  components 
of  the  macro-stress  tensor  and  all  the  components  of  the  micro-stress  tensors 
in  both  phases  except  for  the  average  hydrostatic  micro-stress  in  each  phase . 


Experimental 

Samples  were  cut  from  a  plate  of  hot  rolled  1080  steel .  Heat 
treatment  consisted  of  austenitizing  in  Argon  at  1073  K  for  15  minutes 
followed  by  a  slow  cool  (in  Argon)  outside  of  the  hot  zone  of  the  furnace. 
This  heat  treatment  produced  a  pearlitic  microstructure  in  the  sample .  The 
sample  was  then  pulled  in  tension  to  a  true  plastic  strain  of  0. 1 18 .  The 
final  stress  on  the  sample  when  it  was  released  was  818  MPa. 

Cementite  has  an  orthorhombic  crystal  structure9,  which  gives  rise  to 
many  diffraction  peaks ,  none  of  which  are  terribly  strong .  Not 
coincidently,  the  strongest  diffraction  peaks  are  often  near  to  the  ferrite 
peaks  and  overlap  a  considerably . 

In  order  to  obtain  sufficient  diffracted  intensity  from  the  carbide 
phase ,  a  chromium  rotating  anode  x-ray  target  was  constructed .  A  copper 
target  was  chrome  plated  to  a  thickness  of  0.00 1  inches  in  the  area  that  the 
electrons  strike  it,  so  that  chromium  characteristic  radiation  would  be 


produced .  Chromium  is  widely  used  for  stress  analysis  on  steel  because  it 
gives  a  ferrite  peak  at  a  high  angle.  For  the  cementite,  the  long 
wavelength  chromium  radiation  has  the  benefit  of  keeping  the  many  peaks 
from  bunching  up  and  overlapping  each  other  and  keeps  the  distance  in 
reciprocal  space  low  so  that  the  peak  broadening  is  minimized .  The  x-ray 
generator  was  run  at  47 . 5  kV  and  200  mA  for  the  measurements . 
Diffraction  measurements  were  carried  out  on  a  Picker  diffractometer  with  a 
quarter-circle  goniometer  and  a  graphite  diffracted  beam  monochromator . 
The  monochromator  was  needed  to  reduce  the  background  counts  so  that  a 
good  peak  to  background  ratio  was  obtained  for  the  carbide  peak .  Psi 
goniometry  was  used  to  obtain  the  necessary  iMilts10 . 

The  211  ferrite  peak  at  about  156*  26  was  used  for  the  stress 
measurements  in  the  ferrite  phase ,  while  the  250  cementite  peak  at  about 
148°  20  was  used  for  the  stress  measurements  in  the  carbide  phase.  Figure 
2  shows  the  relative  intensities  of  the  ferrite  and  carbide  peaks  at  <t>  and  t 
equal  to  zero .  The  ferrite  peaks  were  measured  by  counting  20  seconds  at 
each  point  while  the  cementite  peaks  were  counted  for  300  seconds  a  point. 
The  total  measurement  time  for  all  the  peaks  measured  was  about  120 
hours . 

The  sample  was  mounted  on  the  diffractometer  such  that  the  tensile 
deformation  axis  corresponded  to  the  direction  <t>  •  0.  The  peaks  were  point 
counted  and  fitted  with  pseudo- Voigt  functions1 1  including  both  the 
and  Ktt2  components .  The  peak  positions  were  then  obtained  from  the 
functional  parameters.  For  the  ferrite  peaks,  a  linear  background  was 
assumed,  while  for  the  cementite  peaks  the  background  was  assumed  to  be 
an  exponential  function  plus  a  constant,  because  the  250  carbide  peak  sits 
on  the  tail  of  the  21 1  ferrite  peak.  Figure  3  shows  the  functional  fit  to  the 
cementite  diffraction  peak  at  4*0.  Peak  positions  were  determined  in  both 
phases  over  a  4  range  of  -45  to  *45  degrees  for  0  equal  to  0,  60,  and  120 
degrees. 

The  volume  fraction  of  the  carbide  phase  was  determined  from  the 
ratio  of  the  integrated  intensity  of  the  121 ,  210,  112,  211,  and  the  250 
carbide  peaks  to  the  intensity  of  the  100,  110,  and  the  21 1  ferrite  peaks12. 
It  was  found  to  be  1 1  ♦  2  percent.  Averaging  over  a  number  of  peaks  helps 
to  eliminate  any  errors  due  to  preferred  orientation .  This  measurement  is 
consistent  with  the  volume  percent  expected  for  a  1080  steel. 
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Fig.  2.  Diffraction  peaks  used  for  the  stress  analysis  at  *  0,  empasizing 
the  ferrite  peak  (a)  and  the  cementite  peak  (b). 


RESULTS  AND  DISCUSSION 

Figure  4  shows  a  plot  of  d  vs .  sin V  for  both  phases  at  0  *  0 .  The  stress 
tensors  wrere  determined  from  the  above  analysis  to  be 


445 

59 

7 

59 

-304 

20 

7  20  -142 


Fig.  3 .  Psuedo- Voigt  functional  fit  to  cementite  peak  for  t  *  0. 
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A  value  of  5. 77  x  10'6  MPa*1  was  used  for  S2/2  for  the  ferrite  phase13.  This 
same  value  was  used  for  the  cementite  phase  as  no  better  value  is  as  yet 
available . 

The  deviatoric  micro-stress  'Vfj  along  the  deformation  axis  are  tensile 
and  very  big  in  the  carbide  phase  and  the  corresponding  stress  is 
compressive  in  the  ferrite  phase .  The  large  tensile  stress  in  the  cementite  is 
important  to  note  as  it  could  lead  to  crack  initiation .  The  deviatoric  micro¬ 
stresses  perpendicular  to  the  deformation  direction  and  are  smaller 
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Fig.  4.  d  vs.  sirr^  plots  for  the  cementite  (a)  and  ferrite  (b)  phases. 


and  opposite  to  j .  This  is  consistent  with  the  deformation  of  a  harder 
carbide  phase  in  a  softer  ferrite  matrix .  The  value  of  is  smaller  and 
consistent  with  the  fact  that  this  stress  must  be  zero  at  the  surface  and  the 
measured  value  is  an  average  over  the  penetration  depth  of  the  x-rays .  The 
macro-stress  Ma33  is  zero  because  it  was  set  to  that  value  to  do  the  analysis . 
The  non-zero  value  of  Ma13  is  probably  indicative  of  the  errors  in  the 
measurements. 

The  hydrostatic  stress  MrH  is  shown  as  a  function  of  the  value  of  dc0 
used  in  Figure  5 .  For  comparison  the  hydrostatic  micro-stress,  *7|j,  is  also 


Fig .  5 .  The  hydrostatic  stresses  ^  and  as  a  function  of  the 
unstressed  d-spacing  dc0  used . 


shown .  The  range  of  dc0  used  was  the  r~nge  of  d-spacings  found  in  the 
data .  We  see  that  the  hydrostatic  macro-stress  is  indeed  insensitive  to  the 
value  of  d^,  while  the  hydrostatic  micro-stress  in  the  cementite  phase  varies 
considerably .  Using  the  lattice  parameters  in  Reference  9  to  determine  dc0 
gives  a  hydrostatic  macro-stress  of  -22  MPa  and  a  hydrostatic  microstress  of  - 
44  MPa  in  the  cementite  phase .  This  would  require  the  hydrostatic  micro- 
stress  in  the  ferrite  phase  to  be  5  MPa  to  satisfy  Equation  4. 

SUMMARY 


1 )  A  chromium  rotating  anode  target  was  constructed ,  which  was  used 
to  generate  sufficient  incident  intensity  to  allow  the  measurement  of  stresses 
in  the  cementite  phase  of  a  steel  using  the  250  reflection . 

2)  The  sensitivity  of  a  measured  triaxial  stress  tensor  to  the  value  of  the 
unstressed  lattice  parameter  was  revealed  to  be  an  inability  to  determine  the 
hydrostatic  component  of  the  stress  tensor . 

3)  By  making  diffraction  measurements  in  both  phases  of  a  two  phase 
material  the  deviatoric  components  of  the  macro-  and  micro-stresses  can  be 
determined,  as  we:  s  the  hydrostatic  component  of  the  macro-stress 


without  accurate  values  of  the  unstressed  lattice  parameters .  This  leaves 
only  the  hydrostatic  component  of  the  micro-stresses  undeterminable 
without  the  unstressed  lattice  parameters . 


4)  The  macro-  and  average  micro-stresses  in  a  pearlitic  1080  steel 
sample  plastically  deformed  in  tension  were  determined  using  the  above 
procedures .  The  results  are  consistent  with  a  the  stresses  expected  when  a 
soft  matrix  with  a  hard  second  phase  is  deformed .  The  ferrite  is  in 
compression  along  the  deformation  axis  and  the  cementite  in  tension .  The 
large  value  of  the  latter  stress  could  lead  to  crack  initiation . 
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